Driven dissipative steady state entanglement schemes take advantage of coupling to the environment to robustly prepare highly entangled states. We present a scheme for two trapped ions to generate a maximally entangled steady state with fidelity above 0.99, appropriate for use in quantum protocols. Furthermore, we extend the scheme by introducing detection of our dissipation process, significantly enhancing the fidelity. Our scheme is robust to anomalous heating and requires no sympathetic cooling.
Driven dissipative steady state entanglement schemes take advantage of coupling to the environment to robustly prepare highly entangled states. We present a scheme for two trapped ions to generate a maximally entangled steady state with fidelity above 0.99, appropriate for use in quantum protocols. Furthermore, we extend the scheme by introducing detection of our dissipation process, significantly enhancing the fidelity. Our scheme is robust to anomalous heating and requires no sympathetic cooling.
Decoherence is notorious for being a major obstacle to the development of quantum technologies that require sustained quantum coherence. Typically, the interaction of a quantum system with its surrounding environment drives the system towards states with no traces of quantum behaviour. However, it has long been recognised that this does not have to be the case: by combining the irreversible decoherence dynamics with suitably chosen Hamiltonian evolution, one can design artificial reservoirs to steer the system to the desired stationary states. This quantum reservoir engineering method [1] has been used to investigate decoherence [2, 3] and to design robust non-classical states [4] in the motional degrees of freedom of trapped ions.
More recently, the interest in designing dissipative processes has been renewed with proposals to engineer manybody quantum states [5, 6] and even perform quantum computation [6] . Engineered reservoirs are robust to preexisting natural decoherence sources [4] and also to variations of parameters and initial conditions. This has led to a number of proposals to prepare and stabilise quantum steady-states in a variety of systems [7] , including cavity quantum electrodynamics [8, 9] , optomechanical systems [10, 11] , and superconducting qubits [12] . Although experimentally challenging, engineered dissipation has been used to generate entanglement in atomic ensembles [13] , to implement quantum operations in ion traps [14] , and more recently to prepare Bell states in superconducting qubits [15] and in ion traps [16] .
Despite the intrinsic robustness of dissipative driven dynamics, the steady-state fidelities achieved in recent trapped ion experiments are far below the high fidelities achieved with more traditional time-dependent entangling gates [17] and, therefore, still much lower than the fidelities required for a quantum information processing (QIP) system [17, 18] . In [14] , for example, the entangling mechanism relies on successive applications of quantum gates to generate a quantum operation. Even though a fidelity of 0.91 has been achieved for a single cycle, fidelity decreases as the the dynamics approach the continuous dissipative master equation limit. In contrast, Lin et al. [16] used continuous, time-independent fields and achieved fidelities of up to 0.75 that could be boosted to 0.89 using stepwise application of laser fields. In this case, the fidelity is limited by the intrinsic loss mechanisms present in the particular continuous driving scheme adopted.
In this paper we propose a steady-state scheme with fidelity above 0.99, which is further enhanced by photodetection. Driven dissipation continuously pumps the system towards an asymmetric Bell steady-state, which is dark to the system dynamics. The dominant loss mechanism is anomalous heating of the motional modes, reducing our fidelity by less than 0.01 for current experimental rates. Our scheme does not use sympathetic cooling, required in [16] , making it significantly simpler to implement.
We enhance our scheme by combining the dissipative state preparation with the detection of photons. Improvement in state generation through conditional dynamics has been explored in schemes relying on feedback [19] [20] [21] and also used recently in [15] . Here we show that by conditioning the system dynamics to the detection of photons spontaneously emitted into the environment, we obtain a significant fidelity enhancement even with detection efficiencies as low as 10%.
Our level scheme, shown in Figure 1 , demonstrates the entanglement mechanism. A laser jointly drives the carrier frequency at Rabi frequency Ω between ground (|g ) and excited (|e ) metastable states, another laser couples internal states to a motional mode by jointly driving the red sideband at frequency Ω r , and a third coupling excites one atom from the ground to temporary level (|t ) on the red sideband at frequency Ω r . The temporary level decays into a superposition of the Bell symmetric and antisymmetric states. The antisymmetric state is a dark state of the system, while the symmetric component is driven back to the temporary level, providing increasing population in our target antisymmetric state. Note that we couple to red sidebands both for motional cooling and to keep the motional ground state of the antisymmetric state dark to the temporary level coupling. The system dynamics are described by the master equation:
where
, and where σ +(−) i (de)excites atom i between the ground and excited metastable levels. The annihilation operator a acts on the motional mode, and b 1 describes the |t → |g transition for atom 1. The metastable lifetime of the atoms is γ s , the lifetime of the temporary level is γ s , and h r is the trap anomalous heating rate. Decay and heating are represented by the decoherence superopera-
The usual heating rate decoherence terms have prefactors based on bath temperature (n and (n + 1)), but in the limit of largē n, the prefactors both become h r (number of phonons gained per second).
Typical trapped ion species such as 40 Ca + have suitable level structures for our scheme. The 40 Ca + metastable lifetimes are on the order of minutes [22] , while the P 3/2 level has decay rates on the order of γ s = 10 8 Hz. We set our metastable decay rate γ s to a conservative 1Hz. Ω r should be set such that γ s Ω r and the temporary level is negligibly populated, keeping the population in the computational states. We set Ω r = 10 6 Hz in the following analysis. For the specific 40 Ca + case, no such single-photon transition exists, however a two-photon transition coupling to the P 3/2 tempo- For γ s much greater than the other evolution rates, we can adiabatically eliminate the temporary level to simplify calculation:
where |g 1 g| is the ground state projector for atom 1. This projector arises from the ground to temporary level coupling, leaving the excited state invariant. The master equation gives the dynamics of the Bell antisymmetric state population shown in Figure 2 for a |gg initial state, using the coupling values Ω r = 20kHz and Ω = 26kHz. Fidelity is defined as the population in the Bell antisymmetric state. After several milliseconds, the system converges to an asymptotic high-fidelity Bell state. Anomalous heating varies depending on trap specifics, however heating rates below h r = 10Hz have been achieved [23] . This provides a fidelity around 0.996, while 100Hz gives a fidelity of 0.966. Simulations were performed using the XMDS package [24, 25] .
The master equation analysis follows the dynamics of a system without a measurement process. A key component of driven dissipative schemes like ours is the spontaneous emission from a temporary level. The system is driven towards a spontaneous emission event whenever it is not in the dark state: a detection event means that our fidelity is low. Conversely, a lack of detection events indicates that our system is in the dark state. Not detecting emissions thus heralds a high fidelity Bell antisymmetric state, an improvement over our unconditional steady state fidelity. Detecting spontaneous emission events is challenging; for the following analysis we consider a photodetector collecting only ξ = 10% of emissions.
A stochastic master equation [26, 27] represents a par- ticular trajectory of the system with a particular detection record. The equation describes the evolution of the conditional density matrix ρ C for this detection record. Poissonian noise dN provides random spontaneous emission times interspersed with continuous evolution. After adiabatic elimination for large γ s , the stochastic master equation is
Averaging this equation for different noise records returns the unconditional master equation, equation (3) . Trajectories corresponding to particular measurement results were determined, as shown in Figure 3 . Spontaneous emission detection events cause the drops in fidelity, which are interspersed by convergence to a steady fidelity value.
Following a detection event, our fidelity is driven by the system to some high steady state value unless we observe another detection event. Figure 4(a) shows the fidelity after a detection event conditioned on no further detections. Figure 4 (b) provides the probability that no subsequent detection will occur as a function of time, given a large heating rate h r = 1000Hz. Note that over 20% of detection events reach the fidelity asymptote of 0.87 for this heating rate. For systems with less heating, reaching the asymptote becomes more probable. Note also that if no detection event is observed since initialisation of the system, the same asymptotic convergence Time HsL FidelityU is for the (unconditioned) system without measurement, which is contrasted with FidelityC , for the (conditional) system with 10% spontaneous emission detection. These values are for Ωr = 20kHz, Ω = 26kHz, γs = 1Hz.
occurs. The convergence time to the asymptotic fidelities is faster than the system without measurement; around 1ms. The increase in fidelity given by introducing a measurement is significant. Table 1 explicitly shows the gain in fidelity for the conditional system with detection over the unconditioned, measurement free system, denoted by subscripts C and U respectively.
The model includes the effects of anomalous heating and spontaneous emission events, and we characterise the loss of fidelity that these processes introduce for the steady state scheme in Figure 5 . The robust nature of the scheme is highlighted, as the error (1−Fidelity) roughly increases with the first order of the heating rate. Metastable lifetimes above 1s are readily achievable, thus the error from spontaneous emission is negligible.
The effect of laser instability or frequency errors in the coupling parameters is also important. The steadystate behaviour is resistant to fluctuations in laser intensity. Figure 6 demonstrates the robustness to variation in the coupling parameters Ω and Ω r , where fidelity 1 is reached for a range of the coupling rates. Note that the anomalous heating is assumed to be negligible for this analysis, and the metastable spontaneous decay is set to γ s = 1Hz.
We have assumed a uniform decay from the temporary level to our ground computational level. For 40 Ca + , the branching ratios to S 1/2 , D 5/2 and D 3/2 from the P 3/2 temporary level are 0.9347(3), 0.0587(2) and 0.00661 (4) respectively [28] . Using these ratios and 40 Ca + trap parameters from [23] , we find an unconditional fidelity of 0.987 and a conditional fidelity of 0.996. The dominant error in this system is from off-resonant excitations on the cooling transitions, which leads to loss from our target state. The fidelity given is optimised to balance the cooling rate, 15kHz here, with off-resonant loss. The temporary level decay to the D 5/2 and D 3/2 levels has little effect as this population continues to be pumped towards the target state.
In summary, we make use of driven dissipation, with dynamics chosen such that the Bell antisymmetric state is a dark state of our system. We then introduce measurement of the spontaneous decay, which indicates when the system is not in the dark state. Conversely, when no decay is observed, we note a significant increase in the (conditional) steady state fidelity; for our 40 Ca + model with anomalous heating of 5.3Hz [23] , the fidelity is 0.996. The effects of spontaneous emission are also incorporated in the scheme, and its steady-state nature provides robustness to noise in the lasers. 
